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A non-microtubule-based spindle matrix has been observed in Drosophila
melanogaster meiotic and somatic cells. This matrix comprises the proteins: Skeletor,
Megator and Chromator, which localize to the nuclear periphery and chromosomes at
prophase and to the microtubule spindle during mitosis and meiosis. This matrix might
play a role in nuclear organization and microtubule assembly and stabilization. It is
important to determine the presence or absence of this matrix in other species in order to
compare form and function to that in Drosophila. These matrix proteins were studied in
both normally dividing cells and cells in which division was disrupted. Our evidence
suggests that a spindle matrix exists in meiocytes and embryos of the cricket, Acheta
domesticus, and in a mammalian cell line established from Chinese hamster ovary cells.
We report the results of our studies on the spindle matrix in invertebrate and mammalian
cells and discuss implications of these findings.
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CHAPTER I
INTRODUCTION

Spindle Matrix
The concept of a stationary non-microtubule-based spindle matrix has been
proposed to provide a substrate that anchors molecular motors during force production
and microtubule sliding throughout cellular division (Pickett-Heaps, et al. 1997). While
it is not thoroughly understood how the force production responsible for chromosome
movement acts, it is believed that a static substrate must be present for the motor proteins
to act upon. It is also believed that this matrix would aid in organizing and stabilizing
the microtubule spindle and its associated motor proteins.
There are many recognized possibilities for the framework of the spindle matrix:
actin, kinesin, dynein, NuMA, Eg5, and Skeletor. Among the first ideas for a spindle
matrix protein was actin (Forer 1966). Actin was proposed as part of the spindle matrix
after it was found that areas lacking microtubules still allowed chromosomes to move
toward the spindle poles. Perhaps the most significant of these findings was that the
motility system may be separate from the microtubule spindle. Involvement of kinesin
has long been suggested as part of the spindle matrix and has been more recently
discussed as a part of the Eg5 kinesin motor (Kapoor and Mitchinson 2001). In Xenopus
eggs, the Eg5 motor was discovered to remain stationary relative to the microtubules,
1

which are treadmilling towards the poles. Kapoor and Mitchinson suggest several
reasons for the motionless motor protein but favor one that involves a separate spindle
matrix upon which Eg5 acts, specifically citing prospects such as NuMA and Skeletor. In
mammalian cells, NuMA is necessary for the correct formation and function of the
spindles poles, to which it is highly localized (Dionne et al. 1999). NuMA has been
shown to persist in the absence of microtubules and may use dynein motors for
transportation to the spindle poles where the NuMA structure forms.
It is likely that several of these proteins interact together to form a complete
spindle for cellular division; however, Skeletor is the only single protein to form a large
spindle which is localized from pole to pole (Walker et al. 2000). The orientation of the
Skeletor spindle makes it an ideal candidate for the structural support of motor proteins
and the substrate for force production that is a characteristic of the non microtubule
spindle matrix. Two other proteins, Chromator and Megator, have been discovered to
physically interact with Skeletor throughout cellular division and shall be discussed in
further detail as an integral part of this research (Rath et al. 2004; Qi et al. 2004).

Skeletor
In Drosophila melanogaster embryos, obtained from wild-type Oregon R fly
stocks, three possible matrix proteins have been identified. Skeletor was the first in this
group to be characterized and is known to assemble inside the nucleus preceding
microtubule spindle formation (Walker et al. 2000). Associated with the chromosomes at
interphase, Skeletor restructures into a spindle-like configuration which is aligned with
2

the microtubule spindle at metaphase. This Skeletor matrix persists throughout anaphase,
even after the microtubule spindle has begun to break down.
The Skeletor gene is composed of a complex locus which, due to alternative
splicing, expresses three proteins. The first and second proteins, with weights of 32-kD
and 85-kD respectively, are not identified by the Skeletor antibody as the characteristic
spindle structure. Also, the 85-kD protein has not been detected through Western blot
analysis. The expression of this protein may be developmentally regulated and not
constitutive. The third protein is 81-kD in length, is proline-rich and contains an inframe
stop codon. Despite the stop codon and a downstream mRNA position, this third protein
is recognized by the anti-Skeletor antibody and is known to be present in the Skeletor
spindle.
Images of cells after treatment with nocodazole, used to disassemble
microtubules, illustrate that Skeletor remains intact and does not require microtubules for
formation. In the absence of these microtubules, the Skeletor spindle is slightly
misshapen; suggesting that the correct formation and perhaps functioning of the Skeletor
spindle relies on interactions with the microtubules. Through the use of antibody
perturbation, it was determined that Skeletor is necessary for correct embryonic
development of Drosophila because 90% of embryos injected with anti-Skeletor acites
fluid exhibited fewer nuclei and fragmented DNA than control embryos (Walker et al.
2000). From these studies, it is believed that Skeletor is structural in nature, perhaps
providing a stationary substrate that aids in force production and microtubule-sliding.

3

To date, the Skeletor protein has been studied in only one other organism, the
crane fly, Nephrotoma suturalis (Loew). In these spermatocytes, Skeletor was shown to
exhibit similar localization characteristics as in the Drosophila embryos. In Drosophila,
the Skeletor spindle persists from late prometaphase through anaphase, the meiotic
spermatocytes include a Skeletor spindle which is diminished in size and remains at the
spindle poles as meiosis progresses (Silverman-Gavrila and Forer 2003). In the same
study, myosin II was found to partially localize to the Skeletor spindle and was
hypothesized to aid in Skeletor’s ability to retain its shape in the absence of microtubules.
Two other studies have employed Skeletor as a representative of the spindle
matrix in order to observe how variables effect chromosome movement, microtubule
structure and possible matrix-associated proteins. Fabian et al. (2007) used Calyculin A
to enhance myosin and chromosome movement through inhibition of myosin
dephosphorylation. Depending on the stage of meiosis, Calyculin A incites
chromosomes in crane fly spermatocytes to accelerate poleward, return to the equator
and, at times, to rotate. Also, non-kinetochore microtubules are lost, kinetochore
microtubules are thinner in appearance, and chromosomes lose their kinetochore
attachment to microtubules. After treatment with Calyculin A, Skeletor was found to
only associate with microtubules which had detatched from the kinetochore bundle at the
kinetochore end. The normal beads-on-a-string apprearance of Skeletor was also altered,
with the fibers appearing less densely packed. Calyculin A also affected myosin, titin
and actin by altering their distribution and structure in reference to microtubules and
kinetochores (Fabian et al. 2007).
4

The second study examined the Ran pathway’s effects on spindle assembly in
Drosophila melanogaster embryos (Silverman-Gavrila and Wilde 2006). The Ran
pathway has been found to regulate spindle assembly in the GTP bound form, RanGTP
(REF?). RanGTP prevents spindle assembly factors from being inhibited and alters
microtubule and mitotic motor dynamics (REF?). In the experiments involving Skeletor,
the Ran pathway was inhibited through microinjection of a dominant negative allele
which expresses RanGDP. This inhibition resulted in Skeletor being asymmetrically
distributed outside the malformed microtubule spindle and localized near condensed
chromatin. The microtubules were damaged by the inhibition of the Ran pathway, with
the most severely damaged exhibiting microtubule spindles formed into bundles around
chromosomes. Milder microtubule spindle defects noticed included monopolar or
multipolar spindles, short, narrow, and fused microtubules. These data suggest, that
while to some extent Skeletor is considered a microtubule-independent mitotic protein,
varying degrees of damage to microtubules and spindle assembly have a strong impact on
Skeletor organization.

Chromator
The Skeletor protein is relatively simple in structure with no obvious functional
motifs and is assumed to be a structural component of a larger matrix. In the search for
companion proteins, Skeletor was found to interact with a chromodomain-containing
protein, Chromator (Rath et al. 2004). A chromodomain is a protein motif that usually is
involved in chromosome structure, binding certain methylated histones and often
5

associated with transcriptional repression (ref). In Drosophila embryos, Chromator and
Skeletor show extensive co-localization throughout the cellular cycle but their
distributions are not identical. Beginning in interphase, Chromator is concentrated
around the chromosomes and may serve a role in establishing and preserving chromatin
structure during this stage of mitosis. In late prophase, Chromator restructures into a
spindle form and aligns with the Skeletor matrix. Chromator also localizes to the
centrosomes and is present at the midbody region during telophase.
Chromator was first detected in a yeast two-hybrid interaction assay with
Skeletor. Three alternative transcripts for Chromator were identified; however, each
interpreted the same open reading frame and were assumed to code for identical products.
The chromodomain was predicted in residues 216 through 260 but no other conserved
protein motifs were identified. Antibodies generated against Chromator recognize a
130-kD doublet band as separated by electrophoresis. This doublet band may be the
result of post-translational modifications responsible for the interaction with Skeletor.
Through examination with in vitro pull down and co-immunoprecipitation experiments,
Chromator and Skeletor were found to physically interact and are present as a complex.
Two different P-element insertions were found to be inserted between the
Chromator coding sequence and a second gene on the opposite strand. Both P-elements
were found to be homozygous lethal, causing Drosophila to die during larval and pupal
stages. However, these alleles can complement one another and produce viable
offspring, indicating that each has a different effect on the phenotype. Larvae expressing
one specific P-element showed drastically reduced or non-existent Chromator levels and
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this P-element insertion was identified as a lethal loss-of-function mutation. This
indicates that the Chromator gene is essential to the survival of Drosophila embryos.
Also, RNAi assays in S2 cells demonstrate that depletion of the Chromator protein leads
to a malformed tubulin spindle and scattered chromosomes. These results are similar to
segregation effects observed with RNAi experiments of kinesin motor proteins, which are
also involved in spindle matrix (Goshima and Vale 2003). This evidence suggests that,
compared to Skeletor, Chromator may play a functional role in mitosis, specifically in
proper chromosome separation.
More recently, Chromator protein function has been studied as it specifically
relates to polytene interphase chromosomes. During interphase of mitosis, Drosophila
larvae undergo multiple cycles of DNA synthesis without cellular division. In certain
secretory cells of the larva, these replicated chromosomes are held side by side, remain
connected at the centromeres and are referred to as polytene chromosomes. Polytene
chromosomes have a stable organization of band and interband chromatin regions
(Zhimulev 1996). Chromator has been found to specifically localize to these interband
regions, which suggests that it may act to maintain chromatin structure during interphase.
Chromator was also found to directly interact with JIL-1, the principal kinase which
regulates histone phosporylation (Rath et al. 2006). JIL-1 is essential for embryo survival
and reduction in this JIL-1 protein leads to alteration of chromosome banding and
intermixing of non-homologous regions (Deng et al. 2005). Another chromodomain
protein, identified as Chriz (chromodomain protein interacting with Z4), binds
specifically to interbands along with the zinc finger protein Z4 (Eggert et al. 2004).
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Chriz was found to have similar function and characteristics to Chromator in polytene
chromosomes and is associated with the spindle and centrosomes during mitosis. A
second study does infer that Chromator and Chriz are the same protein, although
independently identified, but offers no direct comparison for this statement (Gortchakov
et al. 2005).

Megator
The third spindle matrix protein, Megator is much larger than its counterparts at
262-kD (Qi et al. 2004). Because of Megator’s size, it has been hypothesized that the
carboxy-terminal domain serves as a targeting and localization domain while the large
coiled-coil amino-terminus may function in a structural role. Megator has been
sequenced and is composed of 2346 amino acid of which 70% code for the aminoterminus and the remaining 30% for the carboxy-terminus (Zimowska et al. 1997). At
interphase, Megator localizes to the nuclear rim of Drosophila embryos but later
redistributes to align with Skeletor and Chromator in a spindle-like structure which
persists throughout mitosis.
Similar to Skeletor, Megator has been found to persist in the absence of
microtubules. Specifically, Megator and Skeletor exhibit strong colocalization when
microtubules are depleted. Using techniques previously employed for Skeletor and
Chromator studies, Megator was found to be an essential gene and lethality caused by a
P-element insertion occurs during embryonic development of Drosophila. While
depletion of Chromator leads to irregularly formed tubulin spindles in S2 cell cultures,
8

the reduced Megator protein level showed no obvious abnormalities but did reduce the
number of cells undergoing mitosis (Qi et al. 2004). An explanation for this fact may be
that depletion of Megator completely prevents cells from initially entering metaphase.
Megator may play an essential role in maintaining nuclear structure and the stability of
the nuclear rim.
Zimowska et al. (1997) identified an essential protein, Bx34, which localizes to
extrachromosomal and extranucleolar spaces in the cell and is composed of a coiled-coil
amino-terminus and acidic carboxy-terminus domains. Bx34 shares 50% sequence
similarity with Tpr, a mammalian nuclear pore complex protein, and based on functional
and biochemical similarities the two were believed to be functionally related. When it
was discovered that this antigen colocalizes with Skeletor and Chromator, Bx34 was
renamed Megator and identified as a spindle matrix component (Qi et al. 2004). Nuclear
pore anchor, NUA, has been identified in Arabidopsis thaliana and is referred to as a
homolog of Tpr and Megator, as well as Mlp1 and Mlp2 (myosin-like proteins 1 and 2)
from yeast. All these proteins share similar molecular mass, length of the coiled-coil
amino-terminus domain, and a non-coiled-coil carboxy terminus. These proteins are also
involved in telomere organization, spindle pole assembly and mRNA export, in their
respective organisms. Similar to Megator, NUA is found to localize to the nuclear
periphery during mitosis. The loss of NUA still renders the plant viable, although leads
to developmental defects such as extreme early flowering, stunted growth, altered stamen
length and changes in phyllotaxy (Xu et al. 2007). While these predicted homologs share
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defining characteristics and appear to have similar functions, there is not enough
evidence to more closely associate these proteins to one another.

Hypothesis
A spindle matrix composed of the Skeletor, Chromator, and Megator proteins is a
common feature of cellular division among a sample of eukaryotic cells.

Objectives
Observational
A. Observe presence or absence of Skeletor, Chromator, and Megator proteins in
eukaryotic cells through immunofluorescence technique
B. Examine matrix protein localization during each stage of mitosis or meiosis
C. Determine presence or absence of these matrix proteins in eukaryotic cells
through Western blotting technique
Experimental
A. Monitor role of matrix proteins in cells treated with taxol and determine if
microtubule spindle stabilization affects assembly of matrix proteins
B. Monitor role of matrix proteins in cells treated with nocodazole, which arrests
cells in pro-metaphase via disassembling microtubules

10

CHAPTER II
METHODS AND MATERIALS

Cell Culture Technique
Cells of the Chinese hamster ovary (CHO) cell line, K1, were grown in McCoy’s
5A medium containing 10% fetal bovine serum and 1% antibiotic/ antimycotic solution.
Cultures were incubated at 37 ºC in an atmosphere containing 5% carbon dioxide.

Live Cell Preparations

Cricket Spermatocytes
Late instar male crickets (Acheta domesticus) were used for these experiments.
The cricket was placed inside a humidified chamber, where the follicles of the testis were
removed and placed into an isotonic PIPES-buffered saline solution. With the aid of a
dissection microscope, the fat surrounding the follicles was removed and the follicles
were separated into smaller groups. The follicle groups were placed in pharmaceutical
grade mineral oil on coverslips and the PIPES solution was drawn off with absorbent
paper. The follicles were broken open and the spermatocytes evenly spread on the
surface of the coverslip using forceps and probe.

11

Cricket Embryos
Adult female crickets were allowed to oviposit in moist cotton balls. Embryos
were collected approximately 30 minutes after oviposition and placed on clean, moist
cotton. These embryos were allowed to develop for 28-30 hours in an incubator at 28°C.

Chinese Hamster Ovary Cells
Coverslips were cleaned and placed in small Petri dishes. Confluent cultures
growing in flasks were treated with a trypsin solution in order to create a cell suspension.
Approximately 0.5 ml of this suspension was seeded onto each coverslip. The coverslips
were incubated for a few hours until the cells attached to the coverslip. Fresh medium
was added and the coverslips were returned to the incubator.

Cell Lysis and Fixation

Cricket Spermatocytes
Live cell preparations were prepared as described above. The coverslips were
placed in a coplin jar and the cells were lysed and fixed for 10 minutes in a solution of
1.5X PHEM, 5% Triton-X 100, 0.15% gluteraldehyde, and 2% formaldehyde.
Coverslips were moved to a new coplin jar containing PHEM with 1% formaldehyde for
3 five-minute washes. At this time, oil from the coverslips floated to the surface of the
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PHEM solution and was removed during each wash. The final step of the lysis/fixation
process constituted 3 ten-minute washes in MBST.

Cricket Embryos
Embryos were dechorionated in a 50% bleach solution diluted with phosphate
buffered saline (PBS) and rinsed three times with 0.7 M NaCl/0.2% Triton X-100.
Embryos were fixed in a solution of 1:1 heptane: 4% paraformaldehyde in PBS for 20
minutes with vigorous shaking and the vitelline membranes were removed in 1:1 heptane:
methanol with shaking for 30 seconds (Walker et al. 2000).

Chinese Hamster Ovary Cells
Coverslips plated with CHO cells were removed from the incubator and immersed
in PEM+PEG solution for 1 minute and then submerged in -20 ºC methanol for 10
minutes. The coverslips were again rinsed in PEM+PEG for 1 minute. At this stage, the
coverslips were prepared for immunofluorescence staining as described above.

Immunofluorescence
Live cell cultures were prepared, lysed, and fixed as described above. For the
immunofluorescence process, the bottom of a Petri dish was lined with moist filter paper
and then a layer of parafilm placed on top of the filter paper. This formed a hydrophobic
humidified chamber. The coverslips were blocked in a solution of MBS (10mM MOPS,
150mM NaCl, ph 7.4) with 1% BSA. An amount of this solution of 65µl per coverslip
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was applied to the parafilm in the Petri dish and the coverslips were then placed cell-side
down on top of the solution and incubated at 37°C in a humidified chamber for 30
minutes. The primary antibody was diluted in MBS with 1% BSA and administered in
65µl per coverslip on a new lined Petri dish and incubated for 45 minutes. Following the
incubation, the coverslips were rinsed with MBST (MBS + 0.05% Triton-X 100) three
times for 5 minutes each. The secondary antibody was added to the coverslips,
incubated, and washed as before. The chromatin was then stained by placing coverslips
in a coplin jar with 4', 6-diamidino-2-phenylindole (DAPI) at a concentration of 25 ng/ml
in PBS. The coverslips were washed twice with MBST as before and finally washed with
distilled water before being mounted onto slides using Vectashield. Primary and
secondary antibody concentrations were as follows: anti-tubulin (1:200); anti-Skeletor
(1:50), anti-Megator (1:25), anti-Chromator (1:50), Alexa 488 (1:750); Alexa 568
(1:750), TRITC (1:200)

Drug Treatment
Live cell cultures of CHO cells were prepared as described above. The coverslips
were treated with 10µM taxol or 10 µM nocodazole. After 7 to 9 hours, coverslips were
washed to remove the taxol or nocodazole and then fixed in preparation for
immunofluorescence, as described above. For mitosis with unreplicated genomes (MUG)
studies, live cell cultures were prepared as described above. After twenty-four hours of
cell growth the medium was replaced with 2mM hydroxyurea in medium. After 20 hours,
the medium was removed and replaced with medium containing 2mM hydroxyurea and
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5mM caffeine. The cells were then incubated for another 7 hours before fixation and
immunofluorescence (Wise and Brinkley 1997). Using confocal microscopy, these
samples were observed for the drug effects on the formation of the matrix, the structure
of microtubules and colocalization of the matrix proteins.

Colocalization
To understand the interaction among the Skeletor, Megator, Chromator, and
tubulin, colocalization was explored using immunofluorescence staining and confocal
microscopy. Each time the immunofluorescence technique was performed, antibodies to
two different proteins were used so the colocalization of these proteins was able to be
observed through confocal microscopy. Images were made of Skeletor with Megator,
Skeletor with Chromator and each matrix protein with tubulin to be used as relative
markers for the localization of these proteins.

Confocal Microscopy
Cells prepared for immunofluorescence, as described above, were viewed and
images acquired using a Carl Zeiss LSM 510 Mk4 Confocal Laser Scanning Microscope
(Carl Zeiss Microimaging, Inc.) with an Inverted Zeiss Axiovert 200 M light microscope.
The objectives used were Plan-Apochromat 63x/1.4 oil DIC M27 and Plan-Apochromat
100x/1.4 oil DIC. Three filters were used as a multi track set: DAPI with excitation
wavelength of 405, FITC with excitation wavelength of 488, and Rhodamine with
excitation wavelength of 543. The digital information collected was used to obtain three15

dimensional information about the relationship among the matrix proteins with regard to
the microtubules of the spindle and location of chromatin. The images were captured
with 512 x 512 pixel scan-format and analyzed and edited with resident Zeiss LSM
Image Browser version 3, 5, 0, 233.

Cell Lysis for SDS-PAGE

Cricket Spermatocytes
Cricket testis was removed as previously described. Follicles were then placed in
a lysis solution containing 0.137M NaCl, 20mM Tris-HCl, 10% glycerol, and 1% NP-40
(Walker et al. 2000). The follicles were homogenized in the lysis solution and protease
inhibitors were routinely added throughout the lysis procedure. The sample was
centrifuged at 3000 rpm for 5 minutes. The resulting pellet was resuspended in lysis
buffer three times and again centrifuged for maximum protein extraction. The
supernatant from each round of resuspension was combined and the sample was stored at
-20 ºC.

Chinese Hamster Ovary Cells
Flasks at 90% confluence were treated with trypsin to remove cells from the flask.
Medium was added to the mixture to dilute the inactive trypsin, and the solution
removed. The solution was centrifuged for 5 minutes at 3000 rpm and the supernatant
removed. The resulting pellet was washed with PBS and again centrifuged. This step
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was repeated twice more to assure complete trypsin removal from cells. After the
centrifugation, the supernatant was discarded and the lysis buffer with protease inhibitors
was added. The homogenization and resuspension was performed as previously
described. The final sample was stored at -20 ºC.

Protein Quantification
To determine protein concentration in the lysed sample, an RC DC Protein Assay
kit from Bio-Rad was used. This colorimetric assay was based on the Lowry assay and
was reducing agent and detergent compatible (RC DC).

SDS-PAGE
Cell lysis samples were prepared as described above and diluted to a ratio of 1:4
with a loading buffer consisting of 62.5 mM Tris-HCl, 10% glycerol, 2% SDS, and 5% βmercaptoethanol. A sample containing approximately 30 mg/ml of protein was loaded
into lanes of a polyacrylamide gel consisting of 4% stacking and 5% resolving gel. A
chemichrome Western Standard (Bio-Rad) was also loaded into a lane of the gel for
molecular mass approximation. The sample was electrophoresed using a MiniPROTEAN 3 Cell (Bio-Rad) apparatus for 90 minutes at 50mA or until appropriate
protein separation was obtained.
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Western Blotting
Using a Trans-Blot SD Semi-Dry Transfer system (Bio-Rad), the proteins from
the previously-run gels were transferred from the gel to a nitrocellulose membrane. A
sandwich of filter paper, nitrocellulose membrane, polyacrylamide gel, and more filter
paper was loaded onto the blotting apparatus and run overnight at 10V.

Protein Detection
After protein transfer, a TMB Western Blot kit (Kirkegaard & Perry Laboratories
Inc.) was used to detect the membrane-bound proteins. This method used the same
primary antibodies used for immunofluorescence but the secondary antibodies were
conjugated to horseradish peroxidase. When the secondary antibody came in contact
with the 3, 3’, 5, 5’-tetramethylbenzidine (TMB) substrate, an insoluble blue dye
precipitated where the antibody was bound to the protein on the membrane.
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CHAPTER III
RESULTS
Immunofluorescence in Untreated Cells

Cricket Spermatocytes
Acheta domesticus spermatocytes were examined for the presence of Skeletor,
Chromator and Megator proteins, specifically during the prophase, metaphase, and
anaphase stages of meiosis. Skeletor was found to localize with the microtubules and
chromatin in prophase (Figure 1). Skeletor appeared as a spindle-like structure during
metaphase and was more concentrated at the spindle poles during anaphase (Figure 2).
At telophase, Skeletor was associated with the midbody and slightly at the spindle poles,
but not with chromatin (Figure 3). During prophase, Chromator localized to the nuclear
periphery, as did the microtubules, and was evenly distributed with the chromatin and
extra nuclear space (Figure 4). After prophase, Chromator only associated with the
microtubules in a spindle conformation (Figure 5, 6). Megator was concentrated to the
microtubules and chromatin during prophase (Figure 7). In metaphase, Megator was
aligned with the microtubule spindle and appeared more concentrated at the spindle poles
(Figure 8). During telophase Megator was more prominent at the midbody and seemed
not to interact with the chromatin (Figure 9).
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Cricket Embryos
Results obtained from immunofluorescence labeling with Acheta domesticus
embryos revealed the presence of all three spindle matrix proteins. However, a more
specific localization of each protein to the mitotic spindle and orientation in the cell could
not be determined. The embryo spindles were measured to be from 0.5μm to 1.0μm in
length. Figure 10 illustrates Megator’s presence in the embryos. Skeletor and Chromator
yielded similar results (Data not shown). Observing DAPI staining, it appeared that some
nuclei are undergoing division, as indicated with the arrow.

Chinese Hamster Ovary Cells
During prophase in CHO cells, Skeletor associated with the microtubules and
with chromatin (Figure 11). Skeletor redistributed to form a spindle structure similar to
the microtubule spindle during metaphase (Figure 12) and remained isolated to areas of
microtubules in anaphase (Figure 13). Chromator localized to the chromatin and
microtubules at prophase (Figure 14) and was focused solely to the microtubules during
metaphase, anaphase and telophase (Figure 15, 16). Megator exhibited similar
localization at prophase (Figure 17) and aggregated around the microtubules during
metaphase (Figure 18). In telophase, Megator had become segregated into separate
daughter cells surrounding the chromatin before the midbody disappeared (Figure 19).
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Disrupted Spindle Experiments

MUG Treatment
When CHO cells were treated with the MUG technique, the localization of
Skeletor, Chromator and Megator were identical. Figures 20, 21 and 22 show each
protein was scattered throughout the cell with no areas of dense concentration but
perhaps slightly more protein aggregated near the misshapen microtubule spindles.

Taxol Treatment
In CHO cells treated with taxol the spindle matrix proteins appeared to maintain
their same structure and localization as that in untreated cells. Figure 23 illustrates this
with Megator labeled in a metaphase cell. The Megator spindle was similar to and
coaligned with the microtubule spindle, both of which are typical in an untreated cell.

Nocodazole Treatment
In CHO cells treated with nocodazole the microtubules were prevented from
forming a metaphase spindle. Our results only yielded cells in interphase. This did not
allow us to observe the spindle matrix proteins during mitosis. Skeletor, Megator and
Chromator were present in these interphase cells. Chromator is shown to localize with
the microtubules and chromatin as expected in prophase cells (Figure 24).

21

SDS-PAGE
Preparations of lysed cells from cricket testis and CHO cells were loaded onto 4%
stacking and 5% resolving polyacrylamide gels. A chemichrome Western Standard (BioRad) was also loaded into a lane of the gel for molecular mass approximation. After the
gel was properly electrophoresed, Coomassie blue R-250 was used to stain the protein
bands on the completed gel to determine the effectiveness of the electrophoresis and cell
lysis technique. We obtained acceptable protein band separation and definition.

Immunoblotting
After electrophoresis, the proteins were then transferred from the gel to a
nitrocellulose membrane. After the transfer was complete, the membranes were stained
with Ponceau-S stain to visualize the transferred protein bands. The chemichrome
standards also transferred from the gel to membrane. The membranes were then
destained with distilled water and probed for specific antibody detection. We did not
obtain bands for Skeletor, Chromator or Megator, however a band determined to be 60kD, based on the chemichrome standard, was detected with anti-tubulin antibodies.

22

10µm

Figure 1.

A micrograph of a fixed Acheta domesticus spermatocyte in prophase of
meiosis showing immunofluorescence of the matrix protein, Skeletor.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Skeletor (lower left) labeled with
anti-Skeletor antibody, and composite image (lower right). Scale bar
represents 10µm.
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10µm

Figure 2.

A micrograph of a fixed Acheta domesticus spermatocyte in anaphase of
meiosis showing immunofluorescence of the matrix protein, Skeletor.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Skeletor (lower left) labeled with
anti-Skeletor antibody, and composite image (lower right). Scale bar
represents 10µm.
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10µm

Figure 3.

A micrograph of a fixed Acheta domesticus spermatocyte in telophase of
meiosis showing immunofluorescence of the matrix protein, Skeletor.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Skeletor (lower left) labeled with
anti-Skeletor antibody, and composite image (lower right). Scale bar
represents 10µm.
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10µm

Figure 4.

A micrograph of a fixed Acheta domesticus spermatocyte in prophase 10µm
of
meiosis showing immunofluorescence of the matrix protein, Chromator. 10µm
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
10µm
10µm
right) labeled with anti-tubulin antibody, Chromator (lower left) labeled
with anti-Chromator antibody, and composite image (lower right). Scale bar 10µm
10µm
represents 10µm.
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10µm

Figure 5.

A micrograph of a fixed Acheta domesticus spermatocyte in metaphase of
meiosis showing immunofluorescence of the matrix protein, Chromator.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Chromator (lower left) labeled
with anti-Chromator antibody, and composite image (lower right). Scale bar
represents 10µm.
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10µm

Figure 6.

A micrograph of a fixed Acheta domesticus spermatocyte in telophase of
meiosis showing immunofluorescence of the matrix protein, Chromator.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Chromator (lower left) labeled
with anti-Chromator antibody, and composite image (lower right). Scale bar
represents 10µm.
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10µm

Figure 7.

A micrograph of a fixed Acheta domesticus spermatocyte in prophase of
meiosis showing immunofluorescence of the matrix protein, Megator.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Megator (lower left) labeled with
anti-Megator antibody, and composite image (lower right). Scale bar
represents 10µm.
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10µm

Figure 8.

A micrograph of a fixed Acheta domesticus spermatocyte in metaphase of
meiosis showing immunofluorescence of the matrix protein, Megator.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Megator (lower left) labeled with
anti-Megator antibody, and composite image (lower right). Scale bar
represents 10µm.
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10µm

Figure 9.

A micrograph of a fixed Acheta domesticus spermatocyte in telophase of
meiosis showing immunofluorescence of the matrix protein, Megator.
Chromosomes (upper left) are labeled with DAPI, microtubules (upper
right) labeled with anti-tubulin antibody, Megator (lower left) labeled with
anti-Megator antibody, and composite image (lower right). Scale bar
represents 10µm.
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5µm

Figure 10.

A micrograph of a fixed Acheta domesticus embryo, showing
immunofluorescence of the matrix protein, Megator. Nuclei (upper left) are
labeled with DAPI, microtubules (upper right) labeled with anti-tubulin
antibody, Megator (lower left) labeled with anti-Megator antibody, and
composite image (lower right). Arrow indicates possible paired nuclei.
Scale bar represents 5µm.
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10µm

Figure 11.

A micrograph of a fixed CHO cell in interphase of mitosis showing
immunofluorescence of the matrix protein, Skeletor. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Skeletor (lower left) labeled with anti-Skeletor antibody,
and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 12.

A micrograph of a fixed CHO cell in metaphase of mitosis showing
immunofluorescence of the matrix protein, Skeletor. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Skeletor (lower left) labeled with anti-Skeletor antibody,
and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 13.

A micrograph of a fixed CHO cell in anaphase of mitosis showing
immunofluorescence of the matrix protein, Skeletor. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Skeletor (lower left) labeled with anti-Skeletor antibody,
and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 14.

A micrograph of a fixed CHO cell in prophase of mitosis showing
immunofluorescence of the matrix protein, Chromator. Chromosomes
(upper left) are labeled with DAPI, microtubules (upper right) labeled with
anti-tubulin antibody, Chromator (lower left) labeled with anti-Chromator
antibody, and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 15.

A micrograph of a fixed CHO cell in metaphase of mitosis showing
immunofluorescence of the matrix protein, Chromator. Chromosomes
(upper left) are labeled with DAPI, microtubules (upper right) labeled with
anti-tubulin antibody, Chromator (lower left) labeled with anti-Chromator
antibody, and composite image (lower right). Scale bar represents 10µm.
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5µm

Figure 16.

A micrograph of a fixed CHO cell in anaphase of mitosis showing
immunofluorescence of the matrix protein, Chromator. Chromosomes
(upper left) are labeled with DAPI, microtubules (upper right) labeled with
anti-tubulin antibody, Chromator (lower left) labeled with anti-Chromator
antibody, and composite image (lower right). Scale bar represents 5µm.
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10µm

Figure 17.

A micrograph of a fixed CHO cell in prophase of mitosis showing
immunofluorescence of the matrix protein, Metaphase. Chromosomes
(upper left) are labeled with DAPI, microtubules (upper right) labeled with
anti-tubulin antibody, Metaphase (lower left) labeled with anti-Metaphase
antibody, and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 18.

A micrograph of a fixed CHO cell in metaphase of mitosis showing
immunofluorescence of the matrix protein, Megator. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Megator (lower left) labeled with anti-Megator antibody,
and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 19.

A micrograph of a fixed CHO cell in telophase of mitosis showing
immunofluorescence of the matrix protein, Megator. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Megator (lower left) labeled with anti-Megator antibody,
and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 20.

A micrograph of a fixed CHO cell treated with the MUG technique showing
immunofluorescence of the matrix protein, Skeletor. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Skeletor (lower left) labeled with anti-Skeletor antibody,
and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 21.

A micrograph of a fixed CHO cell treated with the MUG technique showing
immunofluorescence of the matrix protein, Chromator. Chromosomes
(upper left) are labeled with DAPI, microtubules (upper right) labeled with
anti-tubulin antibody, Chromator (lower left) labeled with anti-Chromator
antibody, and composite image (lower right). Scale bar represents 10µm.
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10µm
Figure 22.

A micrograph of a fixed CHO cell treated with the MUG technique showing
immunofluorescence of the matrix protein, Megator. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Megator (lower left) labeled with anti-Megator antibody,
and composite image (lower right). Scale bar represents 10µm.
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10µm

Figure 23.

A micrograph of a fixed CHO cell treated with taxol showing
immunofluorescence of the matrix protein, Megator. Chromosomes (upper
left) are labeled with DAPI, microtubules (upper right) labeled with antitubulin antibody, Megator (lower left) labeled with anti-Megator antibody,
and composite image (lower right). Scale bar represents 10µm.
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20µm

Figure 24.

A micrograph of a fixed CHO cell treated with nocodazole showing
immunofluorescence of the matrix protein, Chromator. Chromosomes
(upper left) are labeled with DAPI, microtubules (upper right) labeled with
anti-tubulin antibody, Chromator (lower left) labeled with anti-Chromator
antibody, and composite image (lower right). Scale bar represents 20µm.
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CHAPTER IV
DISCUSSION
Immunofluorescence in Untreated Cells

Cricket Spermatocytes
The examination of Acheta domesticus spermatocytes for the spindle matrix
proteins, Skeletor, Chromator and Megator, yielded results similar to those from
Drosophila studies. All three proteins associated with the chromatin during prophase and
reorganized into a spindle-like structure that localized to the microtubule spindle during
metaphase. The most noticeable difference was that these proteins did not retain the
complete spindle-like structure and the proteins appeared to become concentrated at the
spindle poles and midbody as the cell progressed into anaphase and telophase. These
results are similar to those from spermatocytes of the crane fly, Nephrotoma suturalis
(Silverman-Gavrila and Forer 2003). Any discrepancy may be attributed to the
difference between spermatocytes and embryonic cells but more likely the difference
between meiotic and mitotic spindles.
Cricket Embryos
It was desirable to obtain images of the spindle matrix proteins in Acheta
domesticus embryos for two reasons: to have a direct comparison to published literature
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and to have examples of mitotic and meiotic divisions in the same organism. Due to the
small size of the embryos spindles (0.5-1.0µm in length) we were not able to determine
how each protein localized to the embryonic spindle. This was because the size of the
spindles was beyond the resolving power of the confocal scanning laser microscope
available to us and we were unable to obtain a large, clear image of the embryo nuclei.
Drosophila belongs to the order Diptera, and during embryonic development these
organisms form a long germ band. This germ band is wrapped around the entire egg and
is the location of the proimordia that will form the embryo through successive rounds of
cellular division. Alternatively, Acheta domesticus belongs to the order Orthoptera, in
which species form an intermediate germ band. This germ band does not cover the
entirety of the embryo and eventually folds laterally and grows to form the germ band
with a layer of cells as the embryo becomes immersed in yolk. For these reasons,
dividing nuclei in cricket embryos are not as easily observed as in Drosophila and this
affected our immunofluorescence results.

Chinese Hamster Ovary Cells
The most significant results from our studies are the identification of Skeletor,
Chromator and Megator in a mammalian cell line. These are results that have never been
reported before. In Chinese hamster ovary cells the spindle matrix proteins had similar
localization and structure as was found in embryonic cells of Drosophila. Unlike in the
cricket, the CHO spindle matrix formed by these three proteins did not appear to decrease
in size or relative concentration as division progressed. This supports the assumptions
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that spindle matrix structure differs between mitotic and meiotic cells and that it is a
common feature of eukaryotic cellular division.

Disrupted Spindle Experiments

MUG Treatment
In CHO cells undergoing mitosis with unreplicated genomes (MUG), Skeletor,
Chromator and Megator responded to treatment with hydroxyurea and caffeine in the
same manner. All three proteins lost the familiar spindle-like structure after MUG
treatment. This strengthens the notion that the three proteins act together and are
regulated by the same forces during the cell cycle. These regulation factors may involve
proper orientation of the chromosomes, attachment of the chromosomes to kinetochores,
or centrosome and microtubule orientation; all of which are altered with the MUG
technique. Another possibility may be that these components of the cell cycle are
regulated by a factor that was not visualized with the techniques used, but still effects
chromosomes, kinetochores and microtubules. Either way, the spindle matrix proteins
are related to key players in cellular division and Skeletor, Megator and Chromator prove
to also be as important to cellular division.

Taxol Treatment
In these experiments, taxol was used to stabilize microtubules and arrest CHO
cells in metaphase of mitosis. Results indicate spindle matrix proteins progress through
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mitosis at the same rate as the microtubule spindle. When the microtubules were
prevented from breaking down and exiting metaphase, the spindle matrix proteins were
also inhibited from proceeding into anaphase. These results indicate that Skeletor,
Chromator and Megator rely on microtubules for progression through mitosis, possibly
for support and orientation cues.

Nocodazole Treatment
Results from nocodazole treatment yielded CHO cells in interphase. Because we
were not able to examine cells in mitosis, we cannot make a claim as to how the spindle
matrix proteins responded to nocodazole treatment. In Drosophila, all three proteins
were found to be present in the absence of the microtubule spindle. From our results with
CHO cells, the spindle matrix proteins are localized as expected, relative to the
microtubules and chromatin, during interphase. We suppose that this situation is
indicative of dividing cells with Skeletor, Chromator and Megator persisting in the
absence of a complete microtubule spindle.

SDS-PAGE and Immunoblotting
We obtained adequate protein separation and definition throughout the
electrophoresis and transfer process. At the time of protein detection on the
nitrocellulose membrane we were able to identify a protein band as tubulin. However we
were not able to isolate any protein bands corresponding to the expected molecular
weight of Skeletor, Chromator or Megator. Tubulin was abundant in both cricket and
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CHO cells and appeared as a strong band after separation and detection. We believe that
Skeletor, Chromator and Megator occurred in much smaller amounts relative to tubulin,
therefore these proteins were not available in the sample as a large enough concentration
to be detected visually or through antibody affinity on the nitrocellulose membrane.

Conclusion
Our studies began with examination of Acheta domesticus for the spindle matrix
proteins, Skeletor, Chromator and Megator, all of which were known to be present in
insect cells. While each protein was present in these cells, we determined there was a
discrepancy between spindle matrix localization among mitotic and meiotic cellular
division. This does not appear to be a significant difference and has no effect on the
function or structure of the spindle matrix. Identification of these proteins in mammalian
cells is a novel finding. With experimental procedures we were able to determine the
structure and localization of the spindle matrix proteins are dependent upon the same
factors that influence microtubule and kinetochore structure.
It is possible that the spindle matrix composed of Skeletor, Megator, and
Chromator is a conserved structure or mechanism throughout eukaryotic cell types. If
this is proven to be true, these proteins may be necessary to the correct functioning of
cellular division. Mutations in these genes leading to alteration of the protein could have
disastrous effects on chromosome segregation and result in nondisjunction and
aneuploidy. The consequences in humans are Turner and Klinefelter syndromes when
nondisjunction occurs in the gametes, and Down, Patau, and Edwards syndromes with
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autosomes. These syndromes are detrimental in animals, however monoploidy and
polyploidy can be of great value in the plant world. Monoploid plants can be bred to
express certain mutations and grow resistant to herbicides while polyploidy can increase
plant size and vitality to be selected for in agricultural cultivation. The spindle matrix
may also be used as a target for cancer treatment. Manipulation of Skeletor, Megator,
and Chromator can aid in inhibiting rapid growth of cells by halting the cell cycle before
mitosis begins or fully completes. Discovering the key to the spindle matrix through
these three proteins may lead to advancements in cancer research, health care, and the
agricultural industry.
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